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Abstract
The lepton flavor violating decay of the Standard Model-like Higgs (LFVHD) is discussed in
the framework of the radiative neutrino mass model built in [17]. The branching ratio (BR) of
the LFVHD are shown to reach 10−5 in the most interesting region of the parameter space shown
in [17]. The dominant contributions come from the singly charged Higgs mediations, namely the
coupling of h±2 with exotic neutrinos. Furthermore, if doubly charged Higgs is heavy enough to
allow the mass of h±2 around 1 TeV, the mentioned BR can reach 10
−4. Besides, we have obtained
that the large values of the Br(h→ µτ) leads to very small ones of the Br(h→ eτ), much smaller
than various sensitivity of current experiments.
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I. INTRODUCTION
The confirmation of the existence of a scalar boson, known as the Standard Model (SM)-
like Higgs, is the greatest early success of the LHC [1, 2]. In addition, the LHC has reported
recently some significant new physics beyond the SM where the LFVHD h → µτ is one of
the hottest subjects [3]. The upper bound Br(h0 → µτ) < 1.5 × 10−2 at 95% C.L. was
announced by the CMS Collaboration, in agreement with 1.85× 10−2 at 95% C.L. from the
ATLAS Collaboration. More interestingly, the CMS has indicated a 2σ excess of this decay,
with the value of Br(h→ µτ) = 0.84+0.39−0.37%. Besides, two other lepton flavor violating (LFV)
decays of the SM-like Higgs have set experimental upper bounds at BR(h→ eτ) < 0.7% and
BR(h → eµ) < 0.036% at 95% C.L.[4]. Theoretically, many publications have studied how
large the BR(h → µτ) can become in specific models beyond the SM, such as the seesaw
[5, 6], supersymmetry (SUSY)[5, 7], two Higgs Doublet [8, 9], and 3-3-1 models [10], as well
as other interesting ones [11–13]. The LFV decay of new neutral Higgs bosons in non-SUSY
models has also been discussed [14]. The significance of LFVHD in colliders was addressed
in [15].
The first source of LFV decays results from the mixing of different flavor massive neutrinos
[16]. The simplest models explaining the mixing and masses of active neutrinos may be the
seesaw models, but the BR of LFV decays predicted by these models are very small. Perhaps
the inverse seesaw model gives the largest BR, which is about 10−5 [6]. All of the SUSY
models, even the Minimal Supersymmetric Standard Model, easily predict large values of the
BR of LFVHD with new LFV sources in the slepton sector. However, the particle spectra
of these models are rather complicated. In contrast, recent studies have shown that many
of non-SUSY models inheriting simpler particle spectra can predict very large BRs of the
LFVHD at one loop level, satisfying all relevant experimental constraints. Some of these
models even have tree level couplings of LFVHD, and they simultaneously explain other
interesting experimental results [8].
There is another class of models, where neutrino mass is radiatively generated, that can
predict large BRs of the LFVHD. These models do not have active neutrino mass terms at
tree level, but they contain LFV couplings of new particles such as scalars and new leptons in
order to generate neutrino masses from loop contributions. There is an interesting property
that the loop suppression factors appearing in the expression of neutrino masses lead to
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the alleviation of the hierarchy in couplings. Hence the aforementioned models will allow
large Yukawa couplings, which may result in large BR values for many LFV processes. By
investigating a specific model with three loop neutrino mass introduced in [17], we try to
make clear how large the BR of LFVHD can reach in the allowed regions. Furthermore,
the contributions from active neutrino mediations may be enhanced because the Glashow-
Iliopoulos-Maiani (GIM) mechanism does not work. Using the ’t Hooft-Feynman gauge
where loop contributions from private Feynman diagrams are all finite, we can compute and
compare them. As a result, the best regions for large BRs of the LFVHD can be found with
precise conditions of free parameters. The contributions from active neutrino mediations
are divided completely into independent contributions of W± and new singly charged Higgs
bosons. As we will see later, the active neutrino loops in the radiative neutrino mass model
may give significant contributions to LFV processes. This is different from all of the other
models, where these contributions are either ignored; or are difficult to estimate when active
neutrinos mix with new leptons, as in the case of the (inverse) seesaw models.
Our paper is arranged as follows. Section II will collect all needed ingredients for calcu-
lating the BR of the LFVHD. Section III concentrates on detailed expressions of the LFVHD
amplitudes and partial widths. The constraints given in [17] will be discussed to find the
allowed regions of parameter space. A mumerical discussion is conducted and the main
results are summarized in Secs. IV and V. Finally, the Appendices A and B list analytic
expressions of Passarino-Veltman (PV) functions and LFVHD form factors. The divergence
cancellations of particular one-loop Feynman diagrams in the t’ Hooft-Feynman gauge are
proved in Appendix B.
II. REVIEW OF THE MODEL
A. Particle content
Following Ref. [17], the particle content of the model is listed in Table I, where the last
row represents charges of an additional global symmetry, U(1). Aside from the SM particles,
new particles are all gauge singlets, including three Majorana fermions, NR1,2,3 ; one neutral
Higgs boson Σ0; four singly charged Higgs bosons (h
±
1 , h
±
2 ); and two doubly charged Higgses,
k±±. After the breaking of the U(1) symmetry, a remnant Z2 symmetry keeps NR1,2,3 and h
±
2
3
as negative parity particles. The remaining particles are trivial. An interesting consequence
is that the lightest Majorana neutrino, which has negative parity, will be stable and can be
a dark matter candidate.
Lepton Fields Scalar Fields
Characters L′Li =

 ν ′Li
eLi

 eRi NRi Φ Σ0 h+1 h+2 k++
SU(3)C 1 1 1 1 1 1 1 1
SU(2)L 2 1 1 2 1 1 1 1
U(1)Y −1/2 −1 0 1/2 0 1 1 2
U(1) 0 0 −x 0 2x 0 x 2x
TABLE I: Lepton and scalar fields proposed in [17]. The notations L′Li and ν
′
Li
denote the flavor
states in distinguish with the mass state νLi used later.
The Yukawa sector LY respecting all mentioned symmetries is given as
−LY = (yℓ)ijL′LiΦeRj+
1
2
(yL)ij(L
′
Li
)cL′Ljh
+
1 +(yR)ijNRi(eRj )
ch−2 +
1
2
(yN)ijΣ0(NRi)
cNRj+h.c..
(1)
In addition, when symmetries are broken an effective Yukawa term appears after we take
into account the loop contributions for generating active neutrino masses, namely,
−LeffY =
(mν)ab√
2v′
× (νLa)cνLb × Σ0, (2)
corresponding to the active neutrino mass term derived in [17].
The Higgs potential is
V = m2Φ|Φ|2 +m2Σ|Σ0|2 +m2h1|h+1 |2 +m2h2|h+2 |2 +m2k|k++|2
+
[
λ11Σ
∗
0h
−
1 h
−
1 k
++ + µ22h
+
2 h
+
2 k
−− + h.c.
]
+ λΦ|Φ|4 + λΦΣ|Φ|2|Σ0|2 + λΦh1|Φ|2|h+1 |2
+ λΦh2|Φ|2|h+2 |2 + λΦk|Φ|2|k++|2 + λΣ|Σ0|4 + λΣh1|Σ0|2|h+1 |2 + λΣh2|Σ0|2|h+2 |2
+ λΣk|Σ0|2|k++|2 + λh1|h+1 |4+λh1h2|h+1 |2|h+2 |2 + λh1k|h+1 |2|k++|2
+ λh2|h+2 |4 + λh2k|h2|2|k++|2 + λk|k++|4. (3)
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The scalar fields are parameterized as
Φ =

 G+w
v+φ+iGz√
2

 , Σ0 = v′ + σ√
2
eiG/v
′
, (4)
where v ≃ 246 GeV, v′ is a new vacuum expectation value (VEV), and G±w and GZ are
Goldstone bosons of W± and Z bosons, respectively.
The above lepton and Higgs sectors show that the singly charged Higgs bosons contribute
mainly to the BR of the LFVHD while the doubly charged Higgs bosons do not. Because
all of charged Higgs bosons are SU(2)L singlets, they do not couple with W bosons like new
Higgs multiplets in other models. At the one loop level and t’ Hooft-Feynman gauge, the
Feynman diagrams for LFVHD are shown in Fig. 1.
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FIG. 1: Feynman diagrams for LEVHD h→ µ±τ∓ decay, where h, l1 ≡ e2 = µ, l2 ≡ e3 = τ . The
parentheses imply that Na and h
±
2 couple with each other only.
In order to investigate the LFVHD, the amplitudes will be calculated using the t’ Hooft-
Feynman gauge. The amplitudes are formulated as functions of the PV functions analyzed
in [10]. The notations of four-component (Dirac) spinors are used for leptons. Specificially,
the charged leptons are ei, so that the left-handed component is eLi = PLei and right-
handed one is eRi = PRei, where PR,L ≡ (1± γ5)/2 are chiral operators. The corresponding
charge conjugations are eci≡CeiT =
(
ecLi , e
c
Ri
)T
, which satisfies ecLi = PLe
c
i = CeRi
T ≡
(eRi)
c and ecRi = PRe
c
i = CeLi
T ≡ (eLi)c. For the Majorana leptons such as active and
exotic neutrinos, the four-spinors are ν ′i = ν
′c
i =
(
ν ′Li , (ν
′
Li
)c
)T
=
(
ν ′Li , ν
′c
Ri
)T
and Ni =
N ci = ((NRi)
c, NRi)
T =
(
N cLi, NRi
)T
. To reduce the second and third terms of (1) to more
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convenient forms, we will use equalities like eciPLν
′
j = ν
′c
j PLei = ν
′
jPLei and NRi(eRj )
c =
NiPLe
c
j = ejPLN
c
i = ejPLNi (Appendix G of [20]).
B. Mass spectrum and LFVHD couplings
In the mass basis, the model consists of two CP-even neutral Higgs bosons; a Nambu-
Goldstone scalar boson G; four singly charged Higgs bosons, h±1 , h
±
2 ; and two doubly charged
Higgs bosons, k±±. At one loop level, the LFVHD involves only two CP-even neutral and
four singly charged Higgs bosons. The two CP-even neutral Higgs bosons are a SM-like
Higgs, h (mh = 125 GeV) and a new CP-even one, H . They relate to the original Higgs
components (φ, σ) via the transformation
 φ
σ

 =

 cα sα
−sα cα



 h
H

 , (5)
where cα ≡ cosα, sα ≡ sinα, and α is defined as
sin 2α =
2λΦΣvv
′
m2H −m2h
. (6)
The masses mh and mH are functions of the four parameters λΦ, λΣ, λΦΣ and v
′. In the
following calculations, we will fix mh = 125.1 GeV while mH , sα and v
′ are taken as free
parameters. The original parameters are given as [17]
λΦΣ =
sαcα(m
2
H −m2h)
vv′
, λΦ =
c2αm
2
h + sαm
2
H)
2v2
, and λΣ =
s2αm
2
h + c
2
αm
2
H
2v′2
. (7)
The perturbativity limit forces λΦ, λΣ, λΦΣ ≤ 4π, therefore gives an upper bound on mH
with a large sα. For example, |sα| ≤ 0.3 corresponds to mH ≤ 4 TeV.
The masses of the singly charged Higgs bosons are given as
m2
h±
1
= m2h1 +
1
2
(
λΦh1v
2 + λΣh1v
′2) , m2
h±
2
= m2h2 +
1
2
(
λΦh2v
2 + λΣh2v
′2) . (8)
Regarding the lepton sector, the first and last terms in (1) correspond to the mass terms of
charged leptons and exotic neutrinos, respectively. They are assumed to be diagonal, i.e.,
the flavor basis and mass basis coincide. Their expressions are obtained as
mei = (yℓ)ii
v√
2
, mNi =
v′√
2
(yN)ii. (9)
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The active neutrino masses generated from three loop corrections can be expressed by the
effective term (2). The components of active neutrino mass matrix are given as [17]
(mν)ab =
µ11µ22
(4π)6
3∑
i,j,k=1
1
M4k
[
(yL)aimei(y
T
R)ik(MNk)(yR)kjmej (y
T
L)jb
]
× F1
(
m2
h+
1
M2k
,
m2
h+
2
M2k
,
m2ℓi
M2k
,
m2ℓj
M2k
,
MNk
2
M2k
,
m2k±±
M2k
)
, (10)
where Mk is the maximal value among the quantities mh±
1
, mh±
2
, mei, mej ,MNk , mk±±; µ11 ≡
λ11v
′/
√
2; and F1 is the three loop function given in detail in [17].
All of the mass terms- together with couplings hff , where f = ei, νi and Ni- are parts
of Yukawa terms of neutral Higgs bosons. The flavor states ν ′Li and mass states νLi (i =
1, 2, 3) of active neutrinos are related by the transformation ν ′Li = U
L
ijνLj , where U
LUL† =
UL†UL = 1. The masses and mixing angles of the active neutrinos are taken from the best-fit
experimental data given in [19]. The only unknown parameter is the lightest mass.
Concerning only on the mass terms and couplings involving the LFVHD of the SM-like
Higgs boson, the Yukawa interactions (1) and (2) are written as follows:
−L′Y = meieiei +
1
2
mνiνiνi +
1
2
mNiNiNi +
mei
v
eiei (cαh)−
[mNi
2v′
NiNi +
mνi
2v′
νiνi
]
sαh
+
√
2mei
v
[
ULijeiPLνjG
−
w + U
L∗
ij νjPReiG
+
w
]
+ (yTLU
L∗)ijνjPLeih
+
1 + (y
T
LU
L)ijeiPRνjh
−
1
+ (yTR)ijeiPLNjh
−
2 + (y
T
R)ijNjPReih
+
2 . (11)
The LFV couplings relating to theW± gauge boson only occur in the covariant kinetic terms
of SU(2)L doublets, exactly the same as in the SM, namely,
Llkin = iLLiγµDµLLi + (DµΦ)†(DµΦ), (12)
where Dµ is the covariant derivative defined in the SM. All relevant couplings of the LFVHD
are collected in Table II.
C. Parameter constraints from the previous work
For calculating the BR of the LFVHD, in the following sections we will mainly use the
constraints of parameters obtained in [17]. The important points are reviewed as follows.
The parameters in the model were first investigated to ensure that they satisfy the neutrino
7
Vertex Coupling Vertex Coupling
heiei − imeiv cα hνiνi
imνi
v′ sα
hNiNi
imNi
v′ sα hW
+
µ W
−
ν igmW cαg
µν
hh+1 h
−
1 i (−vcαλΦh1 + v′sαλΣh1) hh+2 h−2 i (−vcαλΦh2 + v′sαλΣh2)
h(p0)W
+
µ G
−
w(p−)
ig
2 cα(p0 − p−)µ h(p0)W−µ G+w(p+) − ig2 cα(p0 − p+)µ
eiνjh
−
1 −i(yTLUL)ijPR νjeih+1 i(yTLUL)∗ijPL
eiνjG
−
w −i
√
2mei
v U
L
ijPL νjeiG
+
w −i
√
2mei
v U
L∗
ij PR
eiNjh
−
2 −i(yTR)ijPL Njeih+2 −i(yTR)ijPR
eiνjW
−
µ
ig√
2
ULijγ
µPL νjeiW
+
µ
ig√
2
UL∗ij γ
µPL
hG+wG
−
w i (−2vcαλΦ + v′sαλΦΣ)
TABLE II: Couplings of LFVHD in the t’ Hooft-Feynman gauge. The momenta are incoming
oscillation data, the current bounds of the BR of the LFV processes, the universality of
charged currents, and the vacuum stability of the Higgs self-couplings. In addition, the
doubly charged Higgses k±± are assumed to be light enough that they could be detected at
the LHC. The constraints on parameters involving with the LFVHD are (i) the Dirac phase
of the active neutrino mixing matrix prefers the value of δ = π, while the Majorana phase is
still free;( ii) the masses of singly charged Higgs bosons should not be smaller than 3 TeV;
(iii) the value of |(yR)22| should be around 9; (iv) the value of v′ should be on the order
of O(1) TeV. The investigation in [17] also showed that the heavier doubly charged Higgs
bosons k±± will allow the lighter singly charged Higgs bosons. This leads to an interesting
consequence of large values of the BR of the LFVHD as we will show in the numerical
investigation.
The constraint from the LHC Higgs boson search was also discussed in [17], including
the effects of the U(1) global Goldstone boson in the invisible decay of the SM-like Higgs
bosons and the pair annihilation of the dark matter (DM) candidate NR1 . From this, the
constraint of mixing angle of neutral Higgs bosons is obtained as | sinα| ≤ 0.3. Finally,
the condition of DM candidate mentioned above leads to the conclusion that the NR1 mass
should be around the value of mh/2 in order to successfully explain the current relic density
of DM; the VEV v′ was found smaller than 10 TeV.
Many other issues involving with global U(1) Goldstone boson were discussed in detail in
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[17], for instance, anomaly-induced interaction to two photons, active-sterile neutral lepton
mixing, and neutrinoless double beta decay viaW exchange. Possible bounds from cosmolog-
ical issue, such as the effect on cosmic microwave background via cosmic string generated by
the spontaneous breaking down of the global U(1) symmetry, were also mentioned. None of
these issues change the constraints of parameters indicated above. Though new constraints
on DM masses in the presence of U(1) global symmetry were addressed in [29], more studies
are needed for confirmation. Furthermore, the considered global symmetry can be moved
straight to the local one [17], or replaced with a suitable discrete symmetry. This discussion
is beyond the scope of this work.
In the next section, we will focus on parameters affecting the LFVHD and will discuss
more clearly the relevant constraints if ones are needed.
III. FORMULAS OF LFVHD AND PARAMETER CONSTRAINTS
The effective Lagrangian of the decay h → τ±µ∓ is written as LLFV =
h (∆LµPLτ +∆RµPRτ) + h.c., where ∆L,R are scalar factors arising from the loop con-
tributions. The decay amplitude is defined as iM = iu¯1 (∆LPL +∆RPR) v2 [6], where
u1 ≡ u1(p1, s1) and v2 ≡ v2(p2, s2) are the Dirac spinors of a muon and a tauon, respectively.
The partial width of the decay is given as
Γ(h→ µτ) ≡ Γ(h→ µ−τ+) + Γ(h→ µ+τ−) = mh
8π
(|∆L|2 + |∆R|2) , (13)
with the condition mh ≫ m1, m2, where m1, m2 are muon and tauon masses, respectively.
The on-shell conditions for external particles are p2i = m
2
i (i=1,2) and p
2
h ≡ (p1+ p2)2 = m2h.
The loop contributions can be separated into two parts ∆L = ∆
ν
L + ∆
N
L and ∆R =
∆νR +∆
N
R , corresponding to the appearance of the active and exotic neutrinos in the loops.
In the ’t Hooft-Feynman gauge, the specific formulas of contributions from diagrams shown
in Fig. 1 are listed in Appendix B, where new notations such as EL,R factors are used. The
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contribution of the loops with active neutrinos ∆νL is obtained as
∆νL =
1
16π2
3∑
a=1
(yTLU
L)2a(y
T
LU
L)∗3a
[
(v′λhh1h1)E
νh1h1
L + sαE
h1νν
L + (−cα)Eh1νL
]
+
1
16π2
3∑
a=1
UL2aU
L∗
3a
[
g3cαE
νWW
L +
g2cα
2
(
EνGwWL + E
νWGw
L
)
+ (v′λhGwGw)E
νGwGw
L + sα
(
g2
2
EWννL + E
Gwνν
L
)
−cα
(
g2
2
EWνL + E
Gwν
L
)]
, (14)
where (v′λhh1h1) = −vcαλΦh1 + v′sαλΣh1 and (v′λhGwGw) = −2vcαλΦ + v′sαλΦΣ .
The contribution from exotic neutrino mediations ∆NL is given as
∆NL =
1
16π2
3∑
a=1
(yTR)2a(y
T
R)3a
[
(v′λhh2h2)E
Nh2h2
L + sαE
h2NN
L − cαENh2L
]
, (15)
where (v′λhh2h2) = −vcαλΦh2 + v′sαλΣh2.
Similarly, we have ∆νR = ∆
ν
L (EL → ER) and ∆NR = ∆NL (EL → ER).
As proved in Appendix B, the ∆L,R are convergent. Specifically, in the ’t Hooft-Feynman
gauge, the private contributions from specific diagrams are always finite. In addition, the
limit p21, p
2
2 ≃ 0 result in the extremely small contributions of diagrams relating with the
two point functions, namely 1g), 1h), 1i) and 1k). Hence their contributions are ignored.
Besides, it can be estimated that the sum of contributions in the two last lines in (14) is
very suppressed, because of the GIM mechanism, controlled by the factor
∑3
a=1 U
L
2aU
L∗
3a .
This is a general property of all models where the neutrino masses are generated from the
seesaw mechanism. Whereas the contributions in the first lines of (14) and (15) may be large
because the appearance of the yL and yR breaks the GIM mechanism, non-zero contributions
survive which do not contain factors of very light of neutrino masses.
In the numerical calculation, the following parameters are taken from experimental data,
for example [22]: v ≃ 246 GeV, mh = 125.1 GeV, mW = 80.4 GeV, and the muon and
tauon masses are mµ = 0.105 GeV, mτ = 1.776 GeV. The total decay width of the SM-
like Higgs bosons Γh = 4.1× 10−3 GeV is used. Based on the investigation of [17], relevant
parameters of the active neutrino masses are only considered in the normal hierarchy scheme.
In particular the mixing parameters UL are expressed as follows
UL =


1 0 0
0 c23 s23
0 −s23 c23




c13 0 −s13
0 1 0
s13 0 c13




c12 s12 0
−s12 c12 0
0 0 1

 , (16)
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where cij ≡ cos θij , sij ≡ sin θij and the Dirac CP phase δ and the Majorana CP phase φ
are taken as δ = π and φ = 0. The best-fit values of neutrino oscillation parameters given
in [19]
∆m221 = 7.50× 10−5 eV2, ∆m231 = 2.457× 10−3 eV2,
s212 = 0.304, s
2
23 = 0.452, s
2
13 = 0.0218 (17)
are also used in our numerical calculations. The lightest neutrino mass will be chosen as
mν1 = 10
−10 GeV, satisfying the condition
∑
bmνb ≤ 0.5 eV obtained from the cosmological
constraint. The remain two neutrino masses are m2νb = m
2
ν1 +∆m
2
νb1
where b = 2, 3.
The other unknown parameters involving the LFVHD are: the VEV v′; the mixing
angle of the two neutral Higgs bosons α; the exotic neutrino masses mNa ; the new Higgs
masses mh±
1
, mh±
2
, mH ; the Yukawa coupling matrices yL and yR; and the trilinear Higgs
self-couplings λΦh1, λΦh2, λΣh1, λΣh2.
In the numerical investigation, we focus first on the most interesting regions of the pa-
rameter space indicated in [17], where mN1 plays the role of a DM particle and doubly
charged Higgses k±± are light enough to be observed at the LHC. The values of the rel-
evant parameters are summarized as follows: mh/2 = mN1 < mN2 < mN3 , |sα| ≤ 0.3; 3
TeV≤ (mh±
1
, mh±
2
) ∼ O(1) TeV and v′ ∼ O(1) TeV. The Yukawa coupling matrix yL are
satisfied the following conditions [23],
(yL)13 =
(
s12c23
c12c13
− s13s23
c13
)
(yL)23 = 0.394(yL)23,
(yL)12 =
(
s12s23
c12c13
+
s13c23
c13
)
(yL)23 = 0.56(yL)23, (18)
and |(yL)23| ≤ 1. The conditions of gauge coupling universalities also imply that
|(yL)23| <
0.3mh±
1
1TeV
. (19)
The most stringent constraint comes from the LFV decay of muon with Br(µ → eγ) <
5.7 × 10−13. It gives the direct upper bounds on the following products of the Yukawa
couplings: (i) (yTL)23(y
T
L)13 in the loop including virtual active neutrinos and h
±
1 since yL
is antisymmetric; (ii) (yTR)2i(y
T
R)1i (i = 1, 2, 3) in the loops including exotic neutrinos and
h±2 . The other constraints from the tauon decays are less stringent, hence are omitted
here. On the other hand, the Br(h → µτ) depends on the products (yTR)2i(yTR)3i with
11
i = 1, 2, 3. So, if |(yTR)ij| with (ij) = {(11), (21), (31)} is small enough, the values of (yTR)ij
with (ij) = {(22), (32), (33)} may be large, without any inconsistence in the upper bounds
of the BR in the LFV decays of charged leptons. In order to find the reasonable regions of
parameter space, the upper bounds must be checked in the formula given in [17]:
∑3
a=1
[
(y†L)af (yL)ia
]2
(I1,aI2,a + I
2
1,a) +
∑3
a=1
[
(yR)af (y
†
R)ia
]2
(I ′1,aI
′
2,a + I
′2
1,a)
16m4
h±
1
∣∣∑3
a=1(I1,aI2,a + I
2
1,a)
∣∣ < Cif[TeV]4 ,
(20)
where (i, f) = (µ, e) = (2, 1), Cif = 1.6 × 10−6 and many notations including
(I1,a, I2,a, I
′
1,a, I
′
2,a) are defined in detail in [17]. For simplicity, we mention only the following
special cases. In the limit 0 ≃ mνa ≪ mh±
1
and mh±
2
≫ mN1 we have
I1,a ≃ − 1
(4π)2
1
36m2
h±
1
, I2,a ≃ − 1
(4π)2
5
36m2
h±
1
, I ′1,a ≃ −
1
(4π)2
1
36m2
h±
2
, I ′2,a ≃ −
1
(4π)2
5
36m2
h±
2
.
(21)
While a very large mNa gives I
′
1,a, I
′
2,a ≃ 0-for example when mN2,3 are larger than few TeV-
the bound (20) affects only the products |(y†L)31(yL)23| and |(yR)31(yR)†23|. Combining this
with (18) we get new constraints:
|(yL)23| ≤ 0.149
mh±
1
1TeV
, and |(yR)31(y†R)23| <
(
0.1mh±
2
1TeV
)2
. (22)
This constraint of |(yL)23| is consistent with the numerical investigation done in [17], where
mh±
1
= 4.8 TeV prefers (yL)23 = 0.5−0.6 < 0.7 ≃ 4.8×0.15. Interestingly, the first inequality
in (22) is more strict than the one given in (19). The second constraint in (22) suggests that
the small |(yR)31| will allow large |(y†R)23|, i.e the choice |(yR)31| ≤ 10−3× (mh±
2
/1TeV)2 will
allow |(y†R)23| ∼ O(1). The mh±
2
= 5(3) TeV will give |(yR)31| ≤ 0.25(0.09), being consistent
with the promoting regions indicated in [17]. But the absolute values of (yR)22 and (yR)23
should be smaller than the perturbative upper bound 4π.
Another relevant constraint is the small upper bound of the BR(µ→ 3e). Following [17],
all form factors relating with (yR)ij contain at least three factors (yR)i1 or (yR)1i. Therefore
they result in very suppressed values of the BR of the LFVHD if all |(yR)i1,1i|’s are small
enough, without any conditions of small |(yR)23,32,33|’s.
Combining the above discussion with the analysis in [17], the reasonable values of the
free parameters can be chosen as follows: sα = 0.3, λ ≡ 8λΦh1 = 8λΦh2 = λΣh1 = λΣh2 = 4,
mh±
1
= mh±
2
= 3 TeV, mH = 2 TeV, (yL)23 =
0.14m
h
±
1
1TeV
, y′R = (yR)23 = (yR)32 = (yR)33 =
12
3, (yR)22 = 8, v
′ ∈ {1, 2, 8, 10}TeV,mN1 = mh/2, mN2 = 1/2mN3 = 5 TeV and (yR)i,j = 10−2
with at least one of the indices, i or j being 1. We would like to stress that the above choices
are also based on the following additional reasons. The values of (yL)23 and (yR)ij always
satisfy all recent bounds of the BR of the LFV decays of charged leptons (22) as well as
gauge coupling universalities (19). The λ parameter is positive and small enough to satisfy
both conditions of perturbative limit and vacuum stability, whereas it is large enough to
enhance the BR of LFVHD.
To investigate the variance of BR(h → µτ) versus the changing of free parameters, the
ranges of free parameters will be chosen as follows: |sα| ≤ 0.4, 0.1 < λ < 10, |y′R| ≤ 4,
|(yL)23| ≤
0.15m
h
±
1
1TeV
, 1TeV ≤ mh±
1
, mh±
2
, v′ < 10 TeV and 0.5TeV ≤ mN2 ≤ 6 TeV.
IV. NUMERICAL RESULT AND DISCUSSION
In this section, we will first investigate some private contributions to the BR of the
LFVHD, namely the active neutrino loops with W±/ h±1 bosons, and the exotic lepton
loops. Based on this, the parameter space regions which give the large total contribution
will be further studied.
The contributions of active neutrinos are shown in the Fig. 2. The left panel shows
two contributions to the Br(h → µτ): sum of all diagrams relating with the W± gauge
bosons and their Goldstone bosons, and Fig. 1f). The right panel shows the contribution
to Br(h → µτ) from Fig. 1d) with virtual h±1 in the loop. The figure emphasizes two
W±:v'=2 TeV
W±: v'=10 TeV
h1ΝΝ: v'=2 TeV
h1ΝΝ: v'=10 TeV
200 400 600 800 1000
mh1
± @GeVD
10-71
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10-63
10-59
10-55
BrHh®ΜΤL
Λ=0.5
Λ=3
Λ=6
Λ=12
-0.4 -0.2 0.2 0.4
HyLL23
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10-16
10-14
10-12
10-10
BrHh®ΜΤL
FIG. 2: Private contributions of only active neutrino loops to the Br(h→ µτ), where the left hand
side is assumed that (yL)23 =
0.14m
h
±
1
1TeV and the right hand side corresponds to v
′ = 10 TeV.
points: the tiny contributions in the left panel and the significantly enhancement of the
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contribution in the right panel. Similarly to many well-known models, the total contribution
of electroweak loops, including W± and their Goldstone bosons, is very suppressed because
of the GIM mechanism, arising from the sum of two different flavors of external lepton
fields:
∑
a U
L
2aU
L∗
3a = 0. This sum cancels the largest terms of the contributions when they
are expanded in terms of (mνa/mW )
2 series. Only terms containing factors (mνa/mW )
2
survive but they are very suppressed. In addition, this contribution does not depend on
the v′, leading to the overlap lines in the left panel of the figure. The second contribution
in the left panel comes from the ννh±1 loops. Although the appearance of the Yukawa
couplings (yL)ij removes the GIM mechanism, the contribution its self contains a factor of
m2νa ; therefore it is suppressed, too. It is even smaller than the electroweak-loop contribution
because mh±
1
is much larger than mW . The νh
±
1 h
±
1 is much enhanced because of the presence
of both large coupling λhh±
1
h±
1
and yL. In the model considered, |(yL)23| is much constrained
from (22), where the mh±
1
= 3 TeV gives the small |(yL)23| < 0.45. Also, the λhh±
1
h±
1
, as
functions of v′ (< 10TeV) and Higgs self-couplings (< 4π), does not allow large values of
Br(h→ µτ). Then the contribution of the ννh±1 loop to the Br(h→ µτ) is not larger than
10−10. In any case, this provides a hint for enhancing the contribution from active neutrino
loops, for example in models with a four-loop (or higher) neutrino mass and small mh±
1
,
where the constraint of yL may be released. This deserves further study.
The main contributions of exotic leptons to the Br(h→ µτ) come from the two diagrams
Nh±2 h
±
2 and h
±
2 NN . They do not depend on yL but depend strongly on |(yR)ij| with {i, j} =
{2, 3}. As illustrated in Figs. 3 and 4, the two contributions have common properties. They
increase with a decreasing mh±
2
, in the same behaviour shown in the right panel of the Fig.
3. Most important is that they are enhanced strongly with an increasing |y′R|, see the two
left panels of the two figures.
On the other hand, these two contributions behave in opposing ways with the changes
of v′ and mN2(mN3). The contribution from mN1 mediation is ignored because of a very
small |(yR)i1,1i| (i = 1, 2, 3). The Nh±2 h±2 mediation relates with the Higgs-self coupling;
hence its contribution is large with a small mN2 and a large v
′. See the figure 3 with its four
fixed values of v′, where the largest corresponds to v′ = 10 TeV. For the h±2 NN loops, their
analytic expression contains m2Na/v
′ factors separate from the C functions. Therefore, the
small v′ and large mNa will give large contributions; see in the right panel of Fig. 4.
All of the above discussions suggest that the Br(h→ µτ) will be large with small singly
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FIG. 3: Private contributions of only Nh±2 h
±
2 loops, i.e., diagrams 1 d), to the Br(h → µτ) as
functions of y′R (mh2) in the left (right) panel.
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FIG. 4: Private contributions of only h±2 NN loops, i.e., diagrams 1 f), to the Br(h → µτ) as
functions of y′R (mN2) in the left (right) panel.
charged Higgs masses and large values of all of the following parameters: the coupling |y′R|,
|(yL)23| and Higgs-self coupling λ. The dependence of the BR on v′ and mN2,3 is a bit
complicated. The dependence on the mixing angle α of two CP-even neutral Higgses should
also be mentioned. Figure 5 shows more precisely the variations of the Br(h → µτ) on
some particular free parameters. We can realize that y′R affects the change of this BR the
most significantly. It is larger than 10−6 only when |y′R| ≥ 2. Br(h→ µτ) does not depend
on the signs of sα and y
′
R, but it does depend significantly on the absolute values of these
parameters. With λ = 4, mh±
2
= 3 TeV and sα = 0.3 , the Br(h→ µτ) can reach 10−5 when
all of these conditions are satisfied: |y′R| ≥ 3, v′ ≥ 8 TeV and mN2,3 are small enough.
Finally, if the doubly charged Higgs bosons are heavy enough, the investigation shown in
[17] may allow the presence of light, singly charged Higgs bosons h±2 , for instance with the
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FIG. 5: The total contribution to the Br(h → µτ) as functions of single parameters: mN2 , λ, sα
or y′R.
mass of 1 TeV. Besides, if we define mN2 = mN3/2 = f×v′, adopting also that sα = 0.3 gives
v′ ≤ 9 TeV [17, 18]. In addition, if y′R = 4, then BR(h → µτ) can reach the value of 10−4,
very close to the value noted by CMS. This conclusion is illustrated in Fig. 6, where the f
parameter is scanned in the range of 0.1 ≤ f ≤ 6 (0.1 ≤ f ≤ 2) in the left (right) panel.
From our numerical calculation, the values of y′R = 4 and mh±
1
= 1 TeV are the smallest
ones to obtain values about 10−4 of Br(h → µτ). Accordingly, this large value lies in the
only region where v′ is larger than 4 TeV, while mN2 and mN3 should be as small as possible.
In this calculation, mN2 ≥ 400 GeV and the Nh±2 h±2 contribution is dominant. With small
v′ ≃ 1 TeV, the value around 10−5 of the Br(h→ µτ) may occur if mN2,3 are large enough:
mN2 ≥ 3v′. And the Br(h→ µτ) is unchanged, with general condition mN2 ≤ mN3 , instead
of the MN2 = 1/2MN3 one used above. In this case, the large LFVHD corresponds to the
dominant contribution from h±2 NN diagram. The heavy neutrinos may be detected in the
future lepton colliders [28].
The singly charged Higgses are now being searched by experiments [22, 25]. However,
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FIG. 6: Contour plots of Br(h → µτ) as functions of v′ and f = mN2/v′. The green and blue
regions respectively satisfy 10−5 ≤ BR(h→ µτ) ≤ 10−4 and BR(h→ µτ) ≥ 10−4.
in the model considered, none of them are their targets, because they only couple with
leptons. In addition, the h±2 hold negative parities and hence cannot decay to only normal
leptons. We also believe that the condition (22) is enough to guarantee for constraints of
LFV processes without the need for singly charged Higgs bosons that are too heavy. Hence,
the mass around 1 TeV of h±2 is reasonable for stability of the lightest NR1 as a DM candidate.
V. CONCLUSION
Radiative neutrino mass models are interesting ones for explaining the tiny masses of
active neutrinos. In the model introduced in [17], the new parameters that generate neutrino
masses radiatively are strongly constrained from recent experimental data such as neutrino
oscillations, rare decay of charged leptons, gauge coupling universalities and other constraint
from LHC Higgs boson physics. Therefore these parameters are very predictive for other
phenomenologies such as dark matter, LFVHD, etc... In this work, we have shown that in
the allowed region with heavy, singly charged Higgs bosons, where their masses are around
3 TeV, the BR of the LFVHD can reach a value of 10−5. If the mass of the h±2 is around 1
TeV, the Br(h → µτ) can reach 10−4. The additional necessary conditions are v′, |sα| and
all amplitudes of Yukawa and trilinear Higgs couplings must be large enough. For example,
with largest sα = 0.3 to satisfy the LHC Higgs boson constraint, v
′ should be in the range of
8− 9 TeV. Also, λΣh2 ≥ 4 and |y′R| ≥ 3(4) for largest values 10−5(10−4) of the Br(h→ µτ).
The masses of the two heavy exotic neutrinos should be small, around 400 GeV for the
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lighter mN2 . In the model under consideration, a large BR(h → µτ) will lead to necessary
consequences: the doubly charged Higgses k±± must be heavy and the BR(h → eτ) must
be very small. The latter can be explained from the constraint of µ → eγ. This requires a
large y′R ≃ O(1) to give very small |(yR)13,31| ≤ 10−3, implying that BR(h → eτ) ≤ 10−10,
much smaller than recent sensitivity of experiments [4]. One more interesting property is
that the contribution of virtual active neutrinos may be large if the upper bound (22) is
ignored. When this bound is considered the private contributions of νh±1 h
±
1 to Br(h→ µτ)
are around 10−10, which is much larger than values predicted by canonical seesaw models
and [10]. In models with more than three-loop neutrino mass such as [27], the bound (22)
may be released. We then guess that the active neutrino contributions can reach 10−7 or
higher, and hence they should not be ignored. Inclusion, more precise predictions can be
worked out after the updating of data from the near future experiments.
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Appendix A: One loop Passarino-Veltman functions
Calculation in this section relates to one-loop diagrams in Fig. 1. The analytic expressions
of the PV function are given in [10] and the needed formulas will be summarized in this
appendix. We would like to stress that these PV functions were derived from the general form
given in [26], using only the conditions of very small masses of tauons and muons. They are
consistent with [21]. The denominators of the propagators are denoted as D0 = k
2−M20 +iδ,
D1 = (k− p1)2−M21 + iδ and D2 = (k+ p2)2−M22 + iδ, where δ is infinitesimally a positive
real quantity. The scalar integrals are defined as
B
(1)
0 ≡
(2πµ)4−D
iπ2
∫
dDk
D0D1
, B
(2)
0 ≡
(2πµ)4−D
iπ2
∫
dDk
D0D2
,
B
(12)
0 ≡
(2πµ)4−D
iπ2
∫
dDk
D1D2
, C0 ≡ C0(M0,M1,M2) = 1
iπ2
∫
d4k
D0D1D2
, (A1)
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where i = 1, 2. In addition, D = 4−2ǫ ≤ 4 is the dimension of the integral; M0, M1, M2 are
masses of virtual particles in the loop. The momenta satisfy conditions: p21 = m
2
1, p
2
2 = m
2
2
and (p1 + p2)
2 = m2h. In this work, with m1 and m2 are respective masses of the muon and
the tauon, and mh is the SM-like Higgs boson mass. The tensor integrals are
Bµ(pi;M0,Mi) =
(2πµ)4−D
iπ2
∫
dDk × kµ
D0Di
≡ B(i)1 pµi ,
Bµ(p1, p2;M1,Mi) =
(2πµ)4−D
iπ2
∫
dDk × kµ
D1D2
≡ B(12)1 pµ1 +B(12)2 pµ2 ,
Cµ = Cµ(M0,M1,M2) =
1
iπ2
∫
d4k × kµ
D0D1D2
≡ C1pµ1 + C2pµ2 , (A2)
where B
(i)
0,1 and C0,1,2 are PV functions. It is well known that Ci is finite while the remains
are divergent. We define ∆ǫ ≡ 1ǫ + ln 4π − γE + ln µ
2
m2
h
where γE is the Euler constant. The
divergent parts of the above scalar factors can be determined as
Div[B
(i)
0 ] = Div[B
(12)
0 ] = ∆ǫ,Div[B
(1)
1 ] = −Div[B(2)1 ] =
1
2
∆ǫ. (A3)
The finite parts of the PV-functions such as B-functions depend on the scale of µ parameter
with the same coefficient of the divergent parts.
The analytic formulas of the above PV-functions are
B
(i)
0,1 = Div[B
(i)
0,1] + b
(i)
0,1, B
(12)
0,1,2 = Div[B
(12)
0,1,2] + b
(12)
0,1,2. (A4)
The expression of b
(12)
0 is
b
(12)
0 = ln
m2h − iδ
M21 − iδ
+ 2 +
2∑
k=1
xk ln
(
1− 1
xk
)
, (A5)
where xk, (k = 1, 2) are solutions of the equation
x2 −
(
m2h −M21 +M22
m2h
)
x+
M22 − iδ
m2h
= 0. (A6)
The C0 function was given in [10] consistent with that discussed on [21], namely
C0 =
1
m2h
[R0(x0, x1) +R0(x0, x2)− R0(x0, x3)] , (A7)
where
R0(x0, xi) ≡ Li2( x0
x0 − xi )− Li2(
x0 − 1
x0 − xi ), (A8)
19
Li2(z) is the di-logarithm function, x1,2 are solutions of the equation (A6), and x0,3 are given
as
x0 =
M22 −M20
m2h
, x3 =
−M20 + iδ
M21 −M20
. (A9)
For simplicity of calculation we use approximate forms of PV functions where p21, p
2
2 → 0,
namely,
b
(i)
0 = 1− ln
M2i
m2h
+
M20
M20 −M2i
ln
M2i
M20
,
b
(1)
1 = −
1
2
ln
M21
m2h
− M
4
0
2(M20 −M21 )2
ln
M20
M21
+
(M20 −M21 )(3M20 −M21 )
4(M20 −M21 )2
,
b
(2)
1 =
1
2
ln
M22
m2h
+
M40
2(M20 −M22 )2
ln
M20
M22
− (M
2
0 −M22 )(3M20 −M22 )
4(M20 −M22 )2
,
b
(12)
0 = ln
m2h − iδ
M21 − iδ
+ 2 +
2∑
k=1
xk ln
(
1− 1
xk
)
,
C1 =
1
m2h
[
b
(1)
0 − b(12)0 + (M22 −M20 )C0
]
, C2 = − 1
m2h
[
b
(2)
0 − b(12)0 + (M21 −M20 )C0
]
.
If M1 = M2, it can be seen that b
(1)
1 = −b(2)1 , b(1)0 = b(1)0 and C1 = −C2.
Appendix B: Form factors for LFVHD in t’ Hooft-Feynman gauge
In this section we will list all factors for calculating LFVHD in the model considered.
The calculation is done in the t’ Hooft-Feynman gauge. The Feynman rules are given in
Fig. 7. These factors were cross-checked using FORM [24].
Contribution from Fig. 1 a):
iM(1a) = ig
2GhWW
16π2
3∑
a=1
UL2aU
L∗
3a ×
(
[u1PLv2]× EνWWL + [u1PRv2]×EνWWR
)
, (B1)
where EνWWL = m1mWC1, E
νWW
R = −m2mWC2 and Ci ≡ Ci(mνa , mW , mW ).
Contribution from Fig. 1 b):
iM(b) = igGhWGw
16π2
3∑
a=1
UL2aU
L∗
3a ×
(
[u1PLv2]E
νWGw
L + [u1PRv2]E
νWGw
R
)
, (B2)
where
EνWGwL = −
m1m
2
2
v
(2C1 − C2),
EνWGwR = −
m2
v
(
B
(12)
0 +m
2
νaC0 −m21C1 + 2m22(−C1 + C2) + 2m2hC1
)
, (B3)
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FIG. 7: Feynman rules for the h → µ±τ∓ in the t’ Hooft-Feynman gauge. Notations: i) S =
Gw, h
±
1 , h
±
2 ; ii) Kab = (y
T
LU
L)ab and (y
T
R)ab for active and exotic neutrinos, respectively; iii)
f = ea, νa, Na, Fa = νa, Na.
and B
(12)
0 ≡ B(12)0 (mW , mW ), Ci ≡ Ci(mνa , mW , mW ).
Contribution from Fig. 1 c):
iM(c) = igGhWGw
16π2
3∑
a=1
UL2aU
L∗
3a ×
(
[u1PLv2]E
νGwW
L + [u1PRv2]E
νGwW
R
)
, (B4)
where
EνGwWL = −
m1
v
(
B
(12)
0 +m
2
νaC0 + 2m
2
1(−C1 + C2) +m22C2 − 2m2hC2
)
,
EνGwWR = −
m21m2
v
(C1 − 2C2), (B5)
and B
(12)
0 ≡ B(12)0 (mW , mW ), Ci ≡ Ci(mνa , mW , mW ).
Contribution from Fig. 1 d):
iM(d) = i(v
′λhSS)
16π2
3∑
a=1
V2aV
∗
3a ×
(
[u1PLv2]E
FSS
L + [u1PRv2]E
FSS
R
)
, (B6)
where Ci ≡ Ci(ma, mS, mS), V =
{
UL, K, yTR
}
, ma = {mνa , mNa} for S = {Gw, h1, h2}; and
EνGwGwL =
m1m
2
2
v2
2C2, E
νGwGw
R =
m21m2
v2
(−2C1),
Eνh1h1L = −m1C1, Eνh1h1R = m2C2; ENh2h2L = m2C2, ENh2h2R = −m1C1, (B7)
Contribution from Fig. 1 e):
iM(e) = ig
2Ghνν
16π2
3∑
a=1
UL2aU
L∗
3a
(
[u1PLv2]E
Wνν
L + [u1PRv2]E
Wνν
R
)
, (B8)
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where
EWννL = −
m1m
2
νa
v′
(C0 − 2C1) , EWννR = −
m2m
2
νa
v′
(C0 + 2C2) , (B9)
and Ci ≡ Ci(mW , mνa , mνa).
Contribution from Fig. 1 f):
iM(f) = iGhFF
16π2
3∑
a=1
V2aV
∗
3a
(
[u1PLv2]E
SFF
L + [u1PRv2]E
SFF
R
)
, (B10)
where Ci ≡ Ci(mS, ma, ma), V =
{
UL, K
}
, ma = {mνa , mNa} for S = {Gw, h1, h2}; and
EGwννL = −
m1m
2
νa
v′
[
m22
v2
2(C0 + 2C2)
]
, EGwννR = −
m2m
2
νa
v′
[
m21
v2
2(C0 − 2C1)
]
,
Eh1ννL = −
m1m
2
νa
v′
(C0 − 2C1), Eh1ννR = −
m2m
2
νa
v′
(C0 + 2C2),
Eh2NNL = −
m2m
2
Na
v′
(C0 + 2C2), E
h2NN
R = −
m1m
2
Na
v′
(C0 − 2C1), (B11)
Contribution from sum of Figs. 1 g) and 1 h):
iM(gh) = ig
2Ghee
16π2
3∑
a=1
UL2aU
L∗
3a
(
[u1PLv2]E
νW
L + [u1PRv2]E
νW
R
)
, (B12)
where
EνWL (mF , mW ) = −
m1m
2
2
(m21 −m22)v
[
B
(1)
1 +B
(2)
1
]
, EνWR (mF , mW ) =
m1
m2
EνWL , (B13)
B
(i)
1 ≡ B(i)1 (mνa , mW ).
Contribution from sum of Figs. 1 i) and 1 k):
iM(ik) = iGhee
16π2
3∑
a=1
V2aV
∗
3a
(
[u1PLv2]E
FS
L + [u1PRv2]E
FS
R
)
, (B14)
where B
(i)
1 ≡ B(i)1 (ma, mS), V =
{
UL, K, yTR
}
, ma = {mνa , mNa} for S = {Gw, h1, h2}; and
EνGwL = −
2m31m
2
2
(m21 −m22)v3
(
B
(1)
1 +B
(2)
1
)
, EνGwR =
m2
m1
EνGwL ,
Eνh1L =
−m1m22
(m21 −m22)v
(
B
(1)
1 +B
(2)
1
)
, Eνh1R =
m1
m2
Eνh1L ,
ENh2L = −
m21m2
(m21 −m22)v
(
B
(1)
1 +B
(2)
1
)
, ENh2R =
m2
m1
ENh2L , (B15)
The divergence cancellation of the total amplitudes of the LFV decays is proved as follows.
The divergences appear only in the expressions listed in (B3), (B5), (B13) and (B15). The
22
expressions in (B3) and (B5) will vanish after inserting them into (B2) and (B4), where
the GIM mechanism works. The divergences in each contribution given in (B13) and (B15)
cancel each other because Div[B
(1)
1 ] = −Div[B(2)1 ]. Furthermore, the limit p21, p22 → 0 results
in B
(1)
1 = −B(2)1 ; therefore all of the aforementioned contributions are very suppressed.
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